ABSTRACT Myrmecophiles are arthropods that spend all or part of their life cycles living inside ant nests. However, little is known about how the distribution of host colonies in a habitat affects the dispersal and population structure of these symbionts. The polymerase chain reaction-based random amplified polymorphic DNA technique (RAPD-PCR) was used to investigate the population structure of the myrmecophilic spider, Masoncus pogonophilus Cushing (Linyphiidae), by examining the genetic diversity of 2 spider populations living in the nest chambers of adjacent ant colonies and a 3rd living in a distant colony. Using the analysis of molecular variance technique, I found that, of the total genetic diversity, 77.4% was attributable to intrapopulation differences, 18.2% to differences between the distant populations, and only 4.4% to differences between the neighboring populations. The Lynch and Milligan technique also indicated that neighboring populations differed from distant populations in their mean genetic diversity: the mean genetic diversity between neighboring populations was 0.7%, whereas the mean genetic diversity between distant pairs of populations was 1.8 to 3.5%. Both analyses suggest that spiders from neighboring nests are more similar in their genetic makeup than spiders from distant nests. Dispersal events of spiders between neighboring colonies may maintain this genetic similarity between neighboring populations.
members communicate with their nestmates by using chemical and tactile signals. Ants tend to aggressively exclude intruders from their colonies, including members of neighboring colonies as well as other arthropods. Nevertheless, many arthropods, referred to as myrmecophiles, have evolved close symbiotic relationships with ants. These ant guests spend all or part of their lives inside the ant nest (Wasmann 1894 , Donisthorpe 1927 . Much is known about the various adaptations myrmecophiles use to integrate into the potentially hostile environment of an ant nest (reviewed in Kistner 1979 , Holldobler and Wilson 1990 , and Cushing 1997 . However, little has been done to investigate the influence host population structure has on that of its guest, though Kistner (1982) proposed that the spacing and abundance of host nests strongly influence the presence, abundance, and population structure of myrmecophiles.
The spider Masoncus (Linyphiidae) lives within the Florida harvester ant, (Latreille) (Hymenoptera: 1995a) . Individuals are =«2 mm long, one-quarter the size of the 7-9 mm long host workers. They feed on collembolans found throughout the 1-3 m deep subterranean nests (Porter 1985 , Cushing 1995a . The ant nest provides a stable microclimate as well as an abundant food source for these spiders. M. pogonophilus appeal-to be obligate ant symbionts, spending all pogonophilus Cushing the nest chambers of
Pogonomyrmex badius
Formicidae) (Cushing stages of their life cycle within the nests (Cushing 1995a) .
Masoncus pogonophilus are consistently found within large P. badius colonies. Of 12 P. badius colonies excavated in an ^4-ha site in Levy County, FL, 10 were found to contain M. pogonophilus living in the nest chambers (unpublished data). Because the spiders are commonly found within P. badius colonies, dispersal of myrmecophiles must occur. Each P. badius nest is established by a single inseminated queen and not by fractionation of existing colonies (Cole 1968) so the spiders are not traveling to new nests with members of an existing colony and are probably not phoretic on the back of newly inseminated queens. Phoresy of spiders is unlikely given that a number of males successively contact and copulate with each newly emerged alate queen just prior to her flight away from the nest (Turner 1909 , Van Pelt 1953 , Harmon 1993 unpublished data) . This activity prevents the spiders from successfully maintaining a hold on the body of the queen.
Field observations suggest that the spiders may be able to use trail pheromones laid by the ants to locate other P. badius colonies. Emigration to new nest sites is common in this species of harvester ant (Golley and Gentry 1964 , Gentry and Stiritz 1972 , Harrison and Gentry 1981 ; 60-98% of P. badius colonies emigrate 1 time between May and October whereas 8-37% emigrate 2 or more times (Gentry and Stiritz 1972) . I have seen spiders from several different colonies em-0013-S746/98/0626-0631$02.00/0 © 1998 Entomological Society of America igrating with host ants from old nest sites to new sites <5 m away (Cushing 1995a, b) . Within the emigration column of ants both mature and immature spiders as well as collenibolans could be seen. Neither the spiders nor the collenibolans veered out of the emigration trail, even when no ants were in the immediate vicinity, suggesting that they were following a trail pheromone laid by the ants. Because the symbionts traveled in the trail regardless of the presence of host ants, it is unlikely that they were using tactile or vibrational cues. It is also unlikely that visual cues are involved because linyphiid spiders and soil-dwelling collenibolans tend to have poor eyesight (GuUan and Cranston 1994, Foelix 1996) .
Although dispersal of spiders is undoubtedly occurring, dispersal events may be rare. Queens of P. baclius can live at least 15 yr and some western congeners can live up to 40 yr (Michener 1942 , Gentry 1974 . It is possible, therefore, that a population of M. pogonophilus remains inside a single colony for several generations, dispersing to a new colony only when the host nest begins to senesce as suggested by Williams and Franks (1988) for a myrmecophilic isopod.
Pogonomyrmex baclius nests are usually overdispersed or evenly spaced in the landscape (Harrison and Gentry 1981) , probably due to the ants' aggressiveness against conspecifics from other colonies (Gentry 1974 , Holldobler 1976 . The high dispersion of P. baclius nests coupled with the spiders' susceptibility to desiccation outside the nest (Cushing 1995b ) make dispersal of spiders a high-risk activity during the daytime in the xeric environments where their host is found. Dispersal at night is prevented by the host's habit of closing the nest with sand and debris at that time (Turner 1909 , Van Pelt 1953 .
The objective of my study was to indirectly investigate the extent to which dispersal between ant nests occurs in M. pogonophilus by examining genetic diversity within and among different populations. Such a molecular study serves as an indirect method of determining whether the conditions of the habitat, the distribution of the ant nests, and the aggressive nature of the hosts act as barriers preventing ready dispersal of the inyrmecophiles. If these factors do serve as barriers to dispersal, then M. pogonophilus could be considered a metapopulation as defined by Antonovics (1994) , made up of isolated denies, or local populations, with very low per-generation migration between populations resulting in low genetic diversity between individuals within populations, and high genetic heterogeneity between populations due to genetic drift.
I used the PCR-based random amplified polymorphic DNA, or RAPD technique (Williams et al. 1990 , Welsh and McClelland 1990 , Hadrys et al. 1992 to address this issue. If dispersal events are infrequent and if the species is at genetic and demographic equilibrium (Slatkin 1994) , then genetic drift may subdivide the population. However, if the myrmecophiles are using ant trail pheromones to locate new host nests and 1 or more spiders are dispersing to new colonies per generation, then neighboring nests should show considerable genetic similarity and there should be high levels of genetic diversity between individuals within each population. In either scenario, more distant nests should be genetically distinct because spiders are probably dispersing to nearby nests rather than to more distant ant nests.
Materials and Methods
Population Sampling. In June 1993,3 P. backus nests were excavated at 2 sites in northern Florida. Nests 1 and 2 were =12 m apart and were located at Archer Sandhills (ASH1 and ASH2, respectively) 25 km west of Gainesville, FL, in Levy County. Nest 3 was located 55 km east of Archer Sandhills at the Katherine Ordway Preserve (ORD3) in Putnam County, FL. Excavation pits (=1 m deep) were dug adjacent to the nest entrance. The soil was scraped away from the pit wall to expose the nest chambers and the spiders within. Fifteen adult spiders were collected from ASH1, 16 from ASH2, and 9 from ORD3. The total population of spiders in each colony may be 2-3 times greater as only one-third to one-half of the nest chambers were revealed.
Molecular Technique. I chose to use the RAPD technique for the reasons cited in Grosberg et al. (1996) . The RAPD technique does not require any prior knowledge of nucleotide sequence data, which is lacking for this myrmecophile; a few primers can be used to amplify many polymorphic DNA markers that are presumably independent and neutral; the process is relatively inexpensive compared with other molecular techniques; and because it is a polymerase chain reaction (PCR) technique, only a small tissue sample is required. This latter advantage was extremely useful due to the small size of the spiders.
DNA Isolation. Spiders were placed at -80°C for a few seconds to kill them. Each was washed with 20 ^xl of sterile STE buffer (pH 8.0) (Sambrook et al. 1989) to remove any sand grains or debris and then transferred to a new sterile microcentrifuge tube and homogenized with the rounded end of a sterilized glass pipette in 50 jal of cold (1-2°C) STE buffer. Tubes were incubated for 15.5 h at 55°C with 2.5 /xl of 20% SDS and 2.5 /xl of Proteinase K (50 /xg/ml) (Sambrook et al. 1989) . Samples were then extracted with phenol: chloroform (50:50) and the DNA precipitated with EtOH. DNA was resuspended in 20 jul of 0.1 X TE (pH 8.0) (Sambrook et al. 1989 ) and concentration determined spectrophotometrically. Each sample was diluted to give a final concentration of 5 ng//u,l.
DNA Amplification. A Perkin Elmer Cetus DNA Thermocycler was used for DNA amplification. The cycling protocol was 1 min at 94°C, 1 min at 50°C, and 2 min at 72°C for 45 cycles. Each reaction was carried out in a total volume of 50 jul containing 0.5 X Stoffel buffer (Perkin Elmer Cetus), 100 JULM of each dNTP, 1.75 mM MgCl 2 , 0.05 juM of primer, 0.05 U//utl of ampliTaq DNA polymerase Stoffel fragment (Perkin Elmer Cetus), and 5 ng/jixl of template DNA. DNA amplification bands were separated in 1.2% agarose gels in 1.0 X TBE buffer (Sambrook et al. 1989 ). Bands Primers 1,2,4,6,7, and 8 generated the 53 polymorphic bands used in the final analysis.
-, Bands resulting from amplification with primers 3 and 5 were excluded from the data set (see text).
were visualized under UV light after staining with ethidium bromide.
Eight random 10-mer primers (DNA Synthesis Lab, Gainesville, FL) were screened (Table 1) . Each amplification with 1 primer was replicated 3 times. Representative products from ASH1, ASH2, and ORD3 were run side by side. Negative controls containing all the reagents except the template DNA for each primer also were conducted to ensure the fidelity of the results. For each spider, bands were scored for presence (1) or absence (0). Only RAPD bands generated by the 8 primers that were consistently reproduced in at least 2 replicate PCR reactions were included in the final analysis.
Statistical Analysis. I used 2 different statistical procedures to analyze the genetic diversity within and among the 3 populations: the analysis of molecular variance technique (AMOVA) (Excoffier et al. 1992 , Huff et al. 1993 ) and the Lynch and Milligan technique (1994) . The AMOVA analysis was designed to incorporate different types of molecular data and uses no a priori assumptions regarding gene flow or population structure (Excoffier et al. 1992) . Although it was first used to analyze mitochondrial DNA haplotype data, it has since been applied to RAPD data (Huff et al. 1993) . The results of this analysis are based on pairwise comparisons of banding patterns between all 35 spiders. These genetic distances are expressed as relative band distances = 100 * [ (number of different bands) / (total number of bands) ] for each pair.
The algorithms described by Lynch and Milligan (1994) were used to calculate measures of genetic diversity within (Hj) and between (H jk ) populations. These measures of genetic diversity are equivalent to the expected heterozygosity under Hardy-Weinberg equilibrium (Lynch and Milligan 1994) . These algorithms are based on the assumption that the population is at Hardy-Weinberg equilibrium. It is not known whether or not this assumption is valid for these myrmecophiles because no information is known about patterns of gene flow or mating strategies among the spiders. This technique involves the calculation of the frequency of the recessive alleles (q in the HardyWeinberg equation: p + q = 1) by using the number of individuals that do not express the dominant RAPD markers. As suggested by Lynch and Milligan (1994) , 1 restricted the analysis to markers whose observed frequency was < 1 -(3/N), where N is the number of individuals. The values of Hj and H jk calculated using the Lynch and Milligan technique are not directly comparable to values reported using the AMOVA technique. However, the patterns of genetic diversity revealed by the 2 techniques can be compared. For example, if both techniques reveal high genetic diversity between all pairs of populations, including the neighboring populations, the hypothesis that the populations of spiders represent isolated metapopulations is supported. However, if both techniques reveal low genetic diversity between neighboring populations and high genetic diversity between distant populations, the hypothesis that the spiders are dispersing between neighboring populations is supported.
Results
All 15 of the ASH1 spiders, 11 of the 16 ASH2 spiders (including 1 male), and all 9 of the ORD3 spiders were used for the final analysis. Each spider yielded between 35-300 ng//xl of total DNA (mean ± SD, 116.3 ± 53.7). The individual primers yielded between 5 and 19 polymorphic bands (Table 1) . Six of the 8 primers screened yielded a total of 67 bands. Of these, 14 were monomorphic for all 35 spiders and were excluded from the final AMOVA analysis. Of the 53 polymorphic bands, 10 (19%) were unique to ORD3. Six bands (11%) were found in both ASH populations but were absent in the ORD3 population. Thus, 16 bands (30%) differentiate the populations at the ASH site from the population at the ORD site. In contrast, only 2 bands (4%) were unique to ASH1 and only 3 bands (6%) were unique to ASH2. One band was present in 1 individual from ASH2 and 3 individuals from ORD3.
A summary of the pairwise intra-nest and inter-nest relative band distance matrices (AMOVA) is presented in Table 2 . An unbiased estimate of the standard error of the mean, corrected for the nonindependence of pairwise comparisons, was calculated based on the formula in Miyamoto et aL (1994) as modified from Lynch (1990) 
05 , where D = mean band differences between all possible pairs in the analysis and n = the average number of bands per individual (Miyamoto et al. 1994) . The AMOVA results (Table 3) One AMOVA compared the genetic diversity between Archer Sandhills and Ordway. The genetic diversity was partitioned into between regions, between populations within regions, and between individuals within populations. Three additional AMOVAs were performed comparing each pair of populations, partitioning the genetic diversity into differences between populations and differences between individuals within populations. SSD, sum of squared differences; MSD, mean squared differences.
" Percentage of total variance contributed by each component. '' Probability of obtaining a more extreme variance component by chance.
indicate significant genetic differences between the ASH and the ORD sites (P < 0.005) as well as between populations at the ASH site (P < 0.04). There is also significant genetic diversity within each of the 3 populations (P < 0.005). Of the total genetic diversity, 77.4% was due to individual differences within the 3 populations, 18.2% was due to differences between ASH and ORD, and 4.4% was due to differences between ASH1 and ASH2 (i.e., within their region).
To further segregate the patterns of genetic differences that exist between the 3 populations, 3 separate pairwise comparisons of the populations were conducted (Table 3) . For all 3 pairwise comparisons, the largest component of genetic diversity is attributable to within-population differences (75-94%, P < 0.03). Although between 19 and 24% of the total genetic diversity is attributable to differences between distant nests, only =*6% of the total genetic diversity is attributable to differences between the neighboring nests.
Using the Lynch and Milligan (1994) technique, I showed that there were 25 usable markers for the ASH1 population, 26 usable markers for the ASH2 population, and 27 usable markers for the ORD3 population (i.e., markers whose frequency was < 1 -[3/N]). In the between-population calculations, 25 markers were used to calculate H AS^jX ASH 2 an<^ ^6 markers were used to calculate both H ASHI ORD3 and H A SH2,OUD3-The mean observed genetic diversity, or expected heterozygosity, within the ASH1 population, H ASrj,i> was 0.12 ± 0.04 (SE), H ASH2 was 0.14 ± 0.03, and H ORD3 was 0.16 ± 0.03. Thus, the within-population genetic diversity averaged between 12 and 16%. There was no significant difference in the mean within-population genetic diversity among the 3 populations (F = 0.20; df = 2, 75; P > 0.8). The estimated mean genetic diversity between the 2 ASH populations, H ASHlASH2 , was 0.007 ± 0.005 (±SE), H AS HI,ORD3 was 0.035 ± 0.012, and H ASH2ORD3 was 0.018 ± 0.007. Thus, the genetic diversity between the neighboring populations was <1% whereas the genetic diversity between the distant pairs of populations was 1.8 and 3.5%.
Discussion
The AMOVA analysis indicates that all 3 nests show high intra-nest genetic diversity. Out of 67 total bands, only 14 (20.9%) were monomorphic for all 3 populations. The variation that exists among the remaining 53 polymorphic bands is defined more by intra-nest genetic diversity than by inter-nest genetic diversity. However, genetic diversity between the distant nests (ASH1-ORD3 and ASH2-ORD3) is higher than the genetic diversity between the ASH1 and ASH2 populations. This pattern of high intra-nest genetic diversity and lower genetic diversity between the neighboring nests than between the distant nests is supported by the Lynch and Milligan technique and suggests that gene flow may be great enough to offset the diversifying effects of genetic drift between neighboring nests (Slatkin 1994) .
However, the AMOVA analysis also indicated a significant difference between the neighboring ASH populations (Table 3) suggesting that these populations, although much more genetically similar than either pair of distant populations, have nevertheless accumulated some unique polymorphisms. Thus, even the neighboring populations could be considered semi-isolated denies.
If M. pogonophilus has recently expanded its geographic range, then local populations may be genetically similar regardless of the level of dispersal that is occurring between nests (Slatkin 1994) . The significant difference between the neighboring populations, as revealed through the AMOVA analysis, may indicate that this species is only now beginning to reach some genetic equilibrium (Slatkin 1994) and, given several more generations of interdemic isolation, the genetic differentiation between denies will be more obvious. Vol. 91, no. 5 However, this does not explain the relative differences in genetic differentiation when comparing the neighboring colony pair with the distant colony pairs. A more likely explanation for the data is that pergeneration dispersal of spiders between neighboring nests in the same habitat is occurring. The existence of chemical trails for foraging, recruitment, and homing has been well documented in various species of Pogonomyrmex ants, including P. badius (Hbildobler 1971 , Holldobler and Wilson 1970 , Regnier et al. 1973 . Observations of spiders emigrating with their hosts or moving from the periphery of a foreign P. badius mound directly to the mound entrance when experimentally placed on a foreign mound (Cushing 1995b) , suggest that spiders have evolved the capacity to follow chemical trails of the ants, although this has not yet been tested empirically in the field. Laboratory experiments testing the trail-following ability of the spiders were inconclusive (Cushing 1995b) .
Dispersal by spiders to new ant nests may be a mechanism for avoiding inbreeding depression, or it may be triggered by conditions, such as increased resource competition, within the nest. Alternately (and perhaps most likely), it may occur when spiders leave their natal nest to emigrate with their hosts to a new nest site. These individuals may wander off the emigration trail and onto an intersecting foraging trail leading away from their host nest and towards a neighboring nest. One or 2 spiders per generation dispersing to a new colony are enough to prevent genetic differentiation of local populations (Slatkin 1994) .
